A major approach for immunologic intervention in tuberculosis involves redirecting the outcome of the host immune response from the induction of disease to pathogen control. Cytokines and lipid mediators known as eicosanoids play key roles in regulating this balance and as such represent important targets for immunologic intervention. While the evidence for cytokine/ eicosanoid function derives largely from the investigation of murine and zebra fish experimental infection models, clinical studies have confirmed the existence of many of the same pathways in tuberculosis patients. Here we summarize new data that reveal important intersections between the cytokine and eicosanoid networks in the host response to mycobacteria and discuss how targeting this crosstalk can promote resistance to lethal Mycobacterium tuberculosis infection. This approach could lead to new host-directed therapies to be used either as an adjunct for improving the efficacy of standard antibiotic treatment or for the management of drug-resistant infections.
Introduction
The immune response to mycobacteria is a proverbial double-edged sword with one edge battling infection and the other triggering tissue pathology. Two classes of mediators, cytokine proteins and eicosanoid lipids, are known to play critical roles as effectors and/or regulators of this swinging immunologic blade. The cytokines (and their associated chemokines) are direct gene products synthesized largely by cells of the immune system in response to mycobacterial infection (1, 2) . Eicosanoids, in contrast, are generated enzymatically via oxygenation of the polyunsaturated omega-6 fatty acid, arachidonic acid, by both cyclooxygenases and lipoxygenases (3, 4) .
The role of cytokines in host resistance to Mycobacterium tuberculosis (Mtb) is well established and was first demonstrated in elegant gene knockout studies in the murine infection model documenting major functions for interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α), and interleukin-12 (IL-12) in bacterial control (5) (6) (7) (8) . Importantly, these early findings were later validated by the observation of exacerbated mycobacterial disease in humans with mutations in the IFN-γ and IL-12 signaling pathways (9, 10) and in patients given TNF blockade to treat rheumatoid arthritis or Crohn's disease (11, 12) . Such concordance between the role of cytokines in a rodent experimental model and its corresponding human disease is not universally seen in other infections and provides an important justification for the use of the mouse in studies of cytokine function and regulation in tuberculosis (TB).
Later research connected these cytokines into an 'IL-12/IFN-γ axis' in which IL-12, produced early in infection by antigen-presenting cells (APCs), stimulates the synthesis of IFN-γ by natural killer (NK) cells and T cells which in turn activates macrophages to produce TNF (2, 13, 14) . TNF then promotes intracellular killing of the pathogen through the production of reactive oxygen and nitrogen species and contains the pathogen by contributing to granuloma maintenance (13) (14) (15) (Fig. 1) . Similar TNF-associated, IFN-γ-dependent pathways have been implicated in the mechanism of host resistance to a wide variety of intracellular pathogens (16) .
While research on effector cytokines in Mtb progressed, a parallel interest emerged in regulatory cytokines that might promote infection or on the other hand protect the host against pathology mediated by an excessive immune response. IL-10 had been described as a major regulator of IL-12-dependent immune responses, and indeed studies in IL-10-deficient mice confirmed its role in governing the T-helper 1 (Th1) cytokine pathway mediating host resistance to Mtb (17, 18) . Evidence for the existence of a second family of cytokines regulating the response to Mtb infection arose from the demonstrations that virulent bacterial isolates stimulate the production of Type I IFNs in human and mouse macrophages in vitro (19) (20) (21) (22) and in mice in vivo (23, 24) and that mice deficient in the Type I IFN receptor (IFNAR1) show enhanced resistance to infection (20, 21, (24) (25) (26) (Fig.  1) . The human disease relevance of these observations has been supported by four independent studies involving different patient cohorts, documenting an association of active TB with an IFN-induced gene signature (27) (28) (29) (30) .
Although distinct from cytokines in their chemical structure, receptors, and mechanisms of action, lipid mediators of the eicosanoid family have been demonstrated in recent years to have a nearly equivalent influence on the outcome of experimental Mtb infection. The enzyme 5-lipoxygense (5-LO, Alox5) is required for the generation of lipoxin (LXA) and leukotriene (LT) mediators derived from arachidonic acid (AA) (Fig. 1) . The finding that Alox5-deficient mice show increased resistance to Mtb infection and that normal susceptibility can be restored by supplementation with a stable lipoxin analog provided the first demonstration of a functional role of eicosanoids in regulating control of the pathogen (31) . The importance of lipid mediators was re-enforced by elegant studies establishing a role for eicosanoids in the cell-death modalities of Mtb-infected macrophages, bacterial virulence, and adaptive immunity (32) (33) (34) . This work also revealed a major function for the prostaglandin arm of arachadonic metabolism, in promoting mycobacterial control, a concept supported by the increased susceptibility of Ptges −/− mice lacking PGE2 synthase (32, 33) . Further studies in a zebra fish model of Mycobacterium marinum infection confirmed the association of increased lipoxin production with decreased mycobacterial resistance (35, 36) .
A third set of effector cytokines that play important roles in Mtb infection are the IL-1 family members, IL-1α and IL-1β (Fig. 1) . While traditionally thought of as the prototypical mediators of acute inflammation, early studies in knockout mice suggested a protective function for the cytokines in virulent Mtb infections (37) (38) (39) . These findings were later confirmed in work demonstrating that the acute susceptibility to Mtb of mice deficient in the Toll-like receptor (TLR)/IL-1R adaptor MyD88 could be explained largely by their defect in IL-1R signaling (40, 41) . In these studies, Il1r1 −/− and Myd88 −/− mice were directly compared and indistinguishable necrotic lung pathology as well as susceptibility to infection was observed. These findings imply that the early signaling by IL-1 is more critical in the innate response to the pathogen than TLR recognition. It is now understood that both IL-1 species, which signal through the same IL-1R, are independently required for host resistance against Mtb infection and deficiency in either IL-1α or IL-1β renders mice more susceptible to Mtb infection (21) . Recent advances in our understanding of the cellular source, protective downstream effector mechanisms and how this potentially dangerous inflammatory cytokine is both held in check and regulated by other cytokine pathways will be discussed in more detail below.
While the above observations revealed a set of inflammatory pathways by which the innate response to Mtb regulates the outcome of infection, both the anti-and pro-bacterial mechanisms they trigger and their potential interactions still remain poorly understood. The following article focuses on recent advances in the integration of these Mtb-induced regulatory pathways as well as on the use of this knowledge in the design of candidate host directed therapies (HDT).
The IL-12/IFN-γ axis: the backbone of host resistance?
The IL-12-induced production of IFN-γ is the most studied and perhaps best validated cytokine pathway regulating Mtb infection (Fig. 1) . In addition to being implicated in both human disease and in the murine infection model, this pathway is attractive in that it links the innate with the Th1-dominated adaptive response to Mtb. At its core is the induction of IL-12/23 p40 from different myeloid lineages in infected lung, most notably CD103 + CD11b − CD11c + lung-resident dendritic cells (DC) and CD11b + CD11c + DCs (21, (42) (43) (44) (Fig. 2) . One of the IL-12 family cytokines, a homodimer of IL-12 p40 (p40 2 ) stimulates chemokine responsiveness in DCs promoting their migration from the lung to the draining lymph nodes (45) . The second, IL-12p70 (the p40, p35 heterodimer) is required for the optimal polarization of CD4 + T cells into IFN-γ-producing Th1 cells (8) . Finally, IL-23 (the p40, P19 heterodimer) supports the IL-17 response to Mtb within the lung, which although not required for early control of Mtb in the lung can be play a role in vaccineinduced protection (46) . During Mtb infection in mice, the IL-12/IFN-γ axis represents a closed circuit, in that IL-12 induced IFN-γ in turn amplifies IL-12/23 p40 production by both CD11b + and CD11b − CD11c + pulmonary DC subsets (Fig 2A, B, blue box) . This cytokine feedforward loop (Fig. 3) is likely critical in triggering optimal anti-mycobacterial effector functions of pulmonary myeloid cells, in particular IFN-γ dependent inducible nitric oxide synthase (iNOS) (2, 21) .
While the Th1 lymphocytes generated as a result of IL-12 polarization are clearly important for control of infection, their effector function is not completely understood. In particular, IFN-γ production by CD4 + T cells, albeit generally important, appears play additional roles that are separate from promoting bacterial control, and evidence has been accumulating that other effector functions of Th1 cells contribute equally to host resistance. For example, in Bacille Calumet Guerrin (BCG)-vaccinated infants, protection against Mtb infection does not positively correlate with the levels of IFN-γ-producing circulating CD4 + T cells (47) . Moreover, in mice, Th1 cells can transfer protection even when derived from donors genetically deficient in IFN-γ (21, 48) . These data suggest the existence of additional factors besides IFN-γ production associated with Th1 polarization that are critical for bacterial control. For example, Tim3 expression on Th1 cells is known to play a major role in stimulating infected macrophages to restrict intracellular growth of Mtb (49) . In addition, it was recently found that the Mtb-specific CD4 + T cells are comprised of two major subsets that either rapidly migrate into the lung parenchyma or are preferentially retained in the lung blood vessels (44, 50) . Interestingly, the CD4 + T cells recruited to the lung parenchyma are highly protective against Mtb infection in vivo yet produce lower amounts of IFN-γ than the non-protective cells retained in the vasculature (51) . Finally, it is also clear that IFN-γ-producing Th1 cells can play a pathogenic role in Mtb infection (52) and that they can exert an immunosuppressive effect on macrophage IL-1 production (21). Interestingly, while in vitro IFN-γ broad inhibits IL-1α and IL-1β from both macrophage and DCs, in the lungs of Mtb-infected mice, CD4 + T-cell-derived IFN-γ specifically suppresses IL-1 production by inflammatory monocytes but not DCs (24) . Thus, immunotherapeutic interventions targeting the IL-12/IFN-γ axis may have unpredictable outcomes that will be highly context and cell type-dependent.
Despite the potential complications noted above, in several clinical trials patients with TB or non-tuberculous mycobacteria (NTM) given IFN-γ in addition to standard chemotherapy showed improved disease outcomes (53) (54) (55) , and in a murine study, administration of IL-12p70 was found to enhance drug induced clearance of Mycobacterium avium infection (56) . Thus, the IL-12/IFN-γ axis remains a candidate target for HDT of mycobacterial disease, although because of their high cost in treatment, the use of recombinant IL-12 and IFN-γ would likely be limited to drug-resistant patients. As noted by Hawn (57), this should not deter the search for other downstream effectors of the pathway that could serve as more practical immunotherapeutics.
TNF-α: the archetypal double-edged sword
Because of its positive regulation by IFN-γ in mononuclear phagocytes and autocrine role in IFN-γ-dependent macrophage activation and microbicidal activity, TNF is often considered a component of the IL-12/IFN-γ Th1 axis (16) . In common with IFN-γ, TNF has welldocumented roles in both human and murine resistance to Mtb (2, 14, 58) . Although there is general agreement concerning its function in intracellular restriction of mycobacterial growth in macrophages, its purported secondary function in the granulomatous response is complex and has been the subject of considerable debate (15, 57, 59, 60) . Based on studies in TB-infected patients and multiple mycobacteria-host experimental infection models, it now appears that TNF plays a much greater role in the maintenance than in the formation of granulomas. In this capacity, the cytokine could have probacterial effects by sustaining the mycobacterial niche of the granuloma and as suggested by experiments in the zebrafish model, by promoting reactive oxygen species (ROS)-mediated macrophage necrosis leading to pathogen dissemination (15, 61, 62) .
TNF was one of the first cytokines to be targeted in experimental HDT of TB. This was prior to the demonstration of the reactivation of latent TB by antibody mediated TNF blockade and involved the use of thalidomide, a phosphodiesterase (PDE) inhibitor that suppresses TNF and vascular endothelial growth factor (VEGF) production (63) . Although the initial clinical trial was stopped because of the drug's side effects, this stimulated the development of less toxic PDE inhibitors that have been assessed in a variety of subsequent studies with varying degrees of success in animal models (57, 64) . The concept that TNF inhibition might benefit the infected host was directly tested by Wallis et al. (65) in a trial on human immunodeficiency virus (HIV)-infected patients with pulmonary TB who were given the TNF blocking drug etanercept at the initiation of antibiotic therapy. The patients showed more rapid sputum clearance than historical controls. The authors had hypothesized that adjunctive TNF blockade by restoring latent TB into an actively replicating form might make bacilli more susceptible to standard chemotherapy, and these findings were consistent with that concept as were the results of later studies in animal models using PDE inhibitors to suppress TNF production concurrent with antibiotic therapy (66, 67) . Together, these observations emphasize that TNF plays a series of complex roles in the host-mycobacterium interaction and needs to be targeted in a context specific manner.
A further complication is our limited knowledge of the upstream signals and cellular regulation of TNF during Mtb infection as well as its interplay with other cytokine and lipid mediator networks (Figs 2 and 3) . Interestingly, while IL-12-deficient Mtb infected mice display defective TNF production (8), the same does not appear to hold true for IFN-γ-deficient animals (5), thus calling into question the extent of its regulation by the Th1 cytokine pathway. As discussed below, Mtb-induced TNF in some but not all situations is suppressed by IL-10, and recent studies in the zebra fish model have linked the regulation of TNF expression with 5-LO products (68, 69) . Because of TNF's mixed beneficial and harmful consequences during TB infection, defining the effects of these other pathways on TNF production will be important if they are to be deployed as effective and safe host directed therapies.
IL-10: key regulator of the Th1 response to Mtb
As a major downmodulator of both Th1 effector function and inflammation, IL-10 has always been assumed to play a role in the control of anti-mycobacterial immune responses and clearly does so in vitro with cells from both infected mice and humans. Moreover, Mtbinfected IL-10-deficient mice display enhanced control of infection, although this outcome is highly variable between labs and between different mouse strains. In contrast to what has been observed with other pathogens such as Toxoplasma gondii (70), IL-10-deficient mice infected with Mtb do not display overt increases in pathology. Nevertheless, in the wellstudied Mtb Il10 −/− BALB/c model, enhanced levels and earlier production of IFN-γ, granulocyte-macrophage colony-stimulating factor (GM-CSF), G-CSF, TNF, and IL-17A are observed along with increased T-cell recruitment and Th1 differentiation in lung (17) . Along with its known effects in inhibiting macrophage microbicidal activity, IL-10 has also been shown to inhibit DC trafficking to lymph nodes (71) , therefore opposing the proposed function of IL-12 in the same process (13, 45) . Thus, it is possible that IL-10 may serve the pathogen by delaying innate inflammatory cytokine production, myeloid cell recruitment, and subsequent induction of the T-cell response, thereby allowing Mtb to disseminate before being subjected to immune control.
As discussed below, IL-10 is also a downstream mediator triggered by Type I IFN and perhaps other pathways that promote Mtb infection. While its effects may be limited to certain settings (e.g. progressive disease, as discussed below), IL-10 blockade deserves consideration as strategy for HDT of TB as unlike other candidate interventions (e.g. TNF blockade), it has no reported host-detrimental effects on the immune response to this pathogen.
Type I IFN: master regulator of Mtb disease?
Although well known for their antiviral effects, the Type I IFNs have in recent years been revealed to promote infection by certain bacterial pathogens. In the case of Mtb, early studies revealed an association of bacterial hypervirulence with the enhanced production of Type I IFN in the murine infection model (19) . A mechanistic link was provided by the observation (obtained in most but not all laboratories) that Ifnar1 −/− mice are more resistant to infection and that administration of IFNα/β or the Type I IFN inducer (poly ICLC) promotes acute disease (19, 21, 23, 24, 72) .
A role for Type I IFN as a potential determinant of human tuberculosis was revealed by the seminal observation of a prominent whole blood IFNγ transcriptional signature that correlated with the extent of radiographic disease and that was lessened upon successful chemotherapy (27) . This finding originally obtained with patients from the UK and South Africa has been independently validated in studies of additional African and Indonesian cohorts (28) (29) (30) . In vitro studies in murine and human cells showed that Type I IFN induction is preferentially induced by virulent Mtb and that this property is ESX-1 and therefore RD-1 dependent (20, 22) . RD-1 encodes the ESX-1 specialized secretion system that mediates translocation of bacterial effectors from the phagolysosome into the cytoplasm where they can interact with cytosolic receptors. Two candidate mycobacterial products have been identified as cytoplasmic inducers of type I IFN. The first is an unusual peptidoglycan species which interacts with the Nod2 receptor leading to Type I IFN induction through a TBK-1, Irf-5-dependent pathway (73) . The second candidate is bacterial DNA, which is postulated to trigger IFN through the Sting/TBK-1/Irf-3 cytosolic surveillance pathway (74) . Together these observations provide a molecular basis for the central role played by Type I IFN in mycobacterial virulence determination. The mechanism(s) by which Type I IFNs promote bacterial infections and disease are a major topic of investigation for the field (75) . Much of the early progress in our understanding of how IFNs regulate bacterial infections derived from studies in the mouse model of Listeria monocytogenes infection (14, 76) . A common point of intersection for both infections is Type I IFN mediated counter regulation of the host-protective IL-12/IFN-γ axis (77) . In vitro and in response to Listeria monocytogenes infection both IFNα and IFNβ potently inhibit IL-12 production (78), and after Mtb infection in vitro and in vivo, IFNγ-induced IL-12 p40 production is impaired by IFNAR1 signals acting directly on IL-12-producing DCs subsets, even when bacterial loads and inflammation are normalized (14) (Fig.2A, B, red box) . In the early work with hypervirulent Mtb strains, Type I IFN induction was found to be associated with the suppression of Th1 responses (19) and IFNAR1-mediated inhibition of IFN-γ-driven inducible nitric oxide synthase (iNOS) has been documented in vivo in pulmonary myeloid cells (21) . However, in contrast to what has been described in Listeria monocytogenes (79) , during Mtb infection in vivo Type I IFN does not significantly suppress myeloid cell responsiveness to IFN-γ via downregulation of CD119 (IFNGR1) (21) .
Although able to exert a partial protective effect in the absence of IFNR1 signaling (26) and in some settings be triggered in vitro by avirulent or less virulent mycobacterial strains (80), Type I IFN's role in Mtb infections in vivo appears to be largely probacterial. Its targeted inhibition may therefore offer an important avenue for host-directed therapy of TB. As discussed in detail below, both the IL-1 and eicosanoid pathways have important inhibitory intersections with the Mtb-triggered Type I IFN response that could be utilized as targets in this type of intervention.
Eicosanoids: lipid mediators in the inflammatory balancing act
As introduced above, eicosanoids are AA derived lipid mediators that trigger a variety of pro-and anti-inflammatory responses and include prostaglandins, resolvins, lipoxins, and leukotrienes (4, 81) . Two classes of enzymes, the cyclooxygenases (COX) and lipoxygenases (LO), compete for the AA substrate to generate COX-1 and-2 (ptgs1, ptgs2) dependent prostaglandins or in an opposing pathway 5-lipoxygenase (5-LO, alox5) or 12/15-lipoxygenase (12/15-LO) dependent lipoxins and leukotrienes (Fig. 1) . Based on susceptibility studies in the murine infection model, the concept has emerged that prostaglandin E2 (PGE2) confers resistance against Mtb infection, while products of the 5-LO axis, in particularly Lipoxin A4 (LXA4), promote bacterial growth and hinder bacterial control. Thus, Alox5 −/− mice are more resistant to Mtb infection, while prostaglandin E synthase (ptges)-deficient mice or PGE2 receptor (EP2)-deficient mice display elevated mycobacterial loads (31) (32) (33) 82) .
One mechanism of eicosanoid-mediated protection against and susceptibility to Mtb is the ability of these lipids to either directly or indirectly regulate cell death outcomes of infected macrophages (69, 83) . The different cell death modalities of Mtb-infected macrophages have been assigned pivotal roles in Mtb pathogenesis due to release of bacteria from infected cells, which allows for infection of neighboring cells and dissemination of Mtb infection (86, 89) . It is thought that when cells undergo apoptosis, their cell membrane integrity remains preserved resulting in containment of bacilli, enhanced antigen cross-presentation and efferocytosis, all processes important for controlling infection (34, (83) (84) (85) (86) (87) (88) . In contrast, more virulent Mtb strains have developed strategies to inhibit apoptosis and instead are associated with lung pathology and necrotic-like cell death, which is thought to foster bacterial escape, extracellular spread, and dissemination (32, (89) (90) (91) (92) .
In mycobacterial infected macrophages, PGE2 has been shown to inhibit necrotic cell death by protecting against mitochondrial damage and facilitating plasma membrane repair (32, 33, 89, 93) , while both LXA4 and leukotriene B4 (LTB4) induction have been associated with necrotic macrophage death (32, 33, 35, 36) . This death modality also has long lasting consequences on adaptive immunity against Mtb. Elegant studies utilizing adoptive transfer of Mtb infected pro-apoptotic Alox5 −/− alveolar macrophages uncovered an important early role for apoptotic versus necrotic cell death in influencing initiation and priming of both CD4 + and CD8 + T-cell responses 2-3 weeks later. Further studies in the zebrafish model of Mycobacterium marinum infection found a conserved role for leukotriene A4 hydrolase (Lta4h) in both zebrafish and humans in regulating the balance between pro-and antiinflammatory eicosanoids during mycobacterial infection (35, 69) . LTA4H is a zincdependent epoxide hydrolase that catalyzes the final steps downstream of 5-LO in the biosynthesis of the pro-inflammatory mediator LTB4 thus balancing LXA4 and LTB4 synthesis. Of note, in the low dose aerosol model of Mtb in B6 mice, absence of the LTB4 receptor did not affect early survival (24) . During Mycobacterium marinum infection LTA4H deficiency results in increased LXA4, while excess activity leads to high levels of LTB4 and both of these scenarios ultimately lead to macrophage necrosis thus impairing the host's ability to control bacterial replication (35, 36) . Importantly, as further discussed below, these studies demonstrated for the first time a tight functional link between the proinflammatory cytokine response, in this case TNF, and the eicosanoid LTB4 in shaping the outcome of mycobacterial infection.
Another eicosanoid based pathway has been elucidated recently that links PGE2 with the type I IFN response, thereby influencing the outcome of both Mtb and influenza virus infection (24, 94) . In both settings, PGE2 potently inhibited the type I IFN response, which, in the case of influenza, resulted in compromised immunity to this virus while augmenting host resistance against Mtb. As discussed further below, these findings have revealed PGE2 and type I IFNs as novel targets for host-directed immunotherapies.
Interleukin 1: a little bit goes a long way in host protection
As noted above, the growing evidence for a central function for IL-1 in the innate response to Mtb has led to a surge in interest in its role in tuberculosis. While its essential role in host resistance against Mtb in the mouse model is now well established (21, 24, (37) (38) (39) (40) (41) , experimental scenarios also exist where exuberant IL-1 production, driven by bacterial loads, can impair host control by driving tissue damage and pathology (95) . Indeed, the potent inflammatory effects of IL-1 signaling must be tightly controlled to prevent host tissue damage, and this is achieved on multiple levels through tight regulation of gene expression, translation, post-translational activation of the immature cytokine through protein cleavage, and through inhibition of receptor binding by interaction with both membrane bound and soluble decoy receptors (96) . In addition, the two IL-1 species, IL-1α and IL-1β, which mediate these potent signals through the IL-1R1 are antagonized by the endogenous IL-1 receptor antagonist (IL-1RA) through competition for receptor-binding.
A further biological checkpoint for IL-1β is the cleavage of pro-IL-1β into its 17KD mature form by the inflammasome (97) . While clearly required for mature IL-1β production by Mtb infected macrophages in vitro, both the caspase1 and 11-dependent inflammasomes are dispensable in vivo after pulmonary infection with Mtb, suggesting the existence of redundant mechanisms for pro-IL-1β processing in the intact host [we now know that the mice used in the 2010 studies were Caspase1/11 double deficient (97)] (41, 98-100 ). In addition, there is evidence that inflammasome activity may be inhibited in vivo as a result of Mtb-induced nitric oxide induction (95) .
Because IL-1β-deficient mice are highly susceptible to low dose aerosol infection and casapse-1/11, ASC, and NLRP3-deficient mice are not (98, 99) , it seems likely that IL-1β can be cleaved in vivo by an inflammasome-independent mechanism and candidate cleavage enzymes include other caspases, chymases, cathepsins, and elastases (96) . The latter two proteases are expressed in high levels by neutrophils that have been described to produce and process IL-1β through a caspase-1 independent mechanisms (101). However, while bone marrow-derived neutrophils produce large amounts of IL-1β in response to Mtb infection in vitro and pulmonary neutrophils express high levels of IL-1β mRNA after Mtb infection in vivo (KDMB, unpublished data), they fail to express IL-1β protein at the single cell level in the lungs of Mtb-infected mice (21) . Instead two distinct pulmonary myeloid subsets, inflammatory monocytes and DCs, co-produce large amounts of both IL-1α and IL-1in the lungs of Mtb-infected mice based on intracellular cytokine staining (21) . The ability to examine IL-1 production at the single cell level enabled the studies discussed below on how IL-1 expression is regulated by interferons in vivo.
IL-1 mediates control of acute bacterial infections with Staphylococcus aureus or
Streptococcus pneumonia through the induction of IL-17 and chemokines leading to the rapid recruitment of neutrophils (102, 103) . In contrast, Mtb is slow growing and does not trigger a rapid and strong inflammatory response, yet the IL-1 pathway is critical for host control (37-39). While we have detected a major defect in the IL-17 response in the absence of IL-1 in vivo, it is unclear how, in the low dose H37Rv aerosol model on the B6 background, the observed IL-17 deficiency could account for the strong susceptibility phenotype of the IL-1-deficient mice (2, 21) . Despite being critical for IL-17 production during Mtb infection, no defects in pulmonary neutrophil recruitment have been observed in Il1r1 −/− animals (39, KDMB, unpublished data). In fact, when this acute-like IL-1-IL-17-neutrophil axis is experimentally induced during Mtb infection in mice, host resistance is greatly compromised (104) (105) (106) .
How then does IL-1 mediate host resistance to Mtb infection in vivo? Interestingly, no major defects have been described in the TNF, IL-12/IFN-γ, or iNOS pathways in IL-1-deficient animals, arguing that IL-1 confers host resistance to Mtb in vivo by distinct mechanisms not involving these effectors already known to be important for control of infection (21, 24, (37) (38) (39) (40) . A number of other mechanisms have been suggested from in vitro experiments with infected macrophages. These include IL-1β-mediated induction of microbicidal TNF (107) or autophagy (108) in macrophages. A different mechanism of IL-1-dependent TB control has recently emerged from combined in vivo and in vitro experiments (24) . This involves the IL-1-dependent induction of COX-2 and subsequent biosynthesis of prostaglandins. As introduced above, prostaglandins have been shown to contribute to mycobacterial control through their influence on the cell death outcome of infected macrophages. Consistent with such a mechanism, in vitro in murine and human cells as well as in vivo in Mtb-infected mice, PGE2 levels were markedly decreased and markers of necrotic cell death, including LXA4, were highly elevated in the absence of IL-1 (24) . Functional add-back experiments with PGE2 both in vitro, and more importantly in vivo, supported the conclusion that IL-1 contributes to host protection against Mtb through the induction of PGE2 synthesis. In addition to its role in governing host cell death modalities, recent work has suggested that IL-1-induced PGE2 also inhibits the host-detrimental type I IFN response in Mtb infection, and as discussed further below, this regulatory influence on cytokine production provides a second major pathway explaining the protective effects of IL-1 driven prostaglandins.
The close ties between cytokines and eicosanoids: regulatory networks that determine the outcome of infection
The first description of the close relationship between cytokines and eicosanoid lipid mediators in host resistance to mycobacteria was reported in the zebrafish model of Mycobacterium marinum infection. Here the pro-inflammatory lipid mediator LTB4 lead to rapid induction of TNF mRNA (35) . Excessive LTB4 production resulted in increased TNF dependent macrophage cell death, while reduced levels of LTA4H and LTB4 resulted in a relative increase of LXA4, which in turn decreased TNF and led to cell death due to loss of bacterial control (36) . Both of these scenarios diminished host resistance, highlighting the importance of the precise regulation of the inflammatory response to Mtb and the necessity for both regulatory cytokine-cytokine and cytokine-lipid mediator networks.
Mtb actively triggers both IL-1 and type I IFNs in macrophages via its ESX-1 type VII secretion system (20, 109) , yet as discussed above these two cytokines have opposing roles in host resistance to infection. Indeed, perhaps the best characterized target of Type I IFN regulation of protective host factors in Mtb is the IL-1 response. Production of both IL-1α and IL-1β is inhibited by Type I IFNs in human and mouse macrophages and DCs (21, 22) . A competitive mixed bone marrow chimera analysis (as shown in Fig. 2A ) demonstrated that the negative regulation of IL-1 production by type I IFN regulation was also operative in vivo in the lungs of Mtb-infected mice (21) . Expression of IL-1α and IL-1β was increased in both inflammatory monocytes as well as DCs in IFNAR1-deficient cells when compared with WT cells in the same animal. In addition, Type I IFN induction was accompanied by the synthesis of both the IL-1 receptor antagonist (IL-1RA) and IL-10 with both cytokines likely contributing to Type I IFN-mediated suppression of IL-1-mediated host resistance (21) .
Recent work has demonstrated in turn that IL-1 inhibits Type I IFN expression as well as it downstream pro-bacterial effects (24) . The latter counter-regulatory pathway appears to be critical in IL-1's role in host resistance, as mice deficient in both IL-1R and IFNAR1 survived longer than the highly susceptible IL-1R1 mice. Moreover, as introduced above, this cross regulation (Fig. 3 ) was found to be mediated by IL-1-driven PGE2 biosynthesis and operative in both human and murine cells infected with Mtb, and PGE2 itself was shown to reverse Type I IFN-driven loss of bacterial control both in vitro and in vivo (24) .
In a setting of Type I IFN-driven progressive pulmonary disease, manipulation of the eicosanoid balance toward elevated PGE2, by either direct administration of PGE2 or blocking 5-LO activity, resulted in protection against disease (24) . While 5-LO blockade increased protective PGE2 levels likely through shunting of AA substrate towards COX1 and COX2, it is possible that both the increase in PGE2 as well as blockade of potentially detrimental 5-LO products contributed to the observed protection. Studies in TB patients support the existence of the same pathway in human tuberculosis. Relative plasma levels of PGE2 to LXA4 and 15-Epi-LXA4 (a stereoisomer of LXA4) were reduced in patients with higher sputum grades, and combined measurement of these lipid markers closely reflected disease severity (24) . Thus, manipulation of PGE2 and/or 5-LO-dependent eicosanoids could serve as an approach for countering the Type I IFN signature of active TB patients (27) to alleviate active TB disease. It is of interest that two of the drugs, PGE2 and the 5 LO inhibitor zileuton, used experimentally in the mouse to alter the lipid mediator balance and improve disease outcome are already approved for clinical use. Thus, a clinical trial using one or a combination of these drugs on top of conventional chemotherapy could be attempted with minimal additional pre-clinical testing. An obvious target population would be patients carrying multi-drug resistant Mtb infections. Eicosanoid pharmacology is a rapidly evolving field (3) and drugs targeting the generation of these mediators and/or their biologic activities are continuously being developed that may in the future offer improved treatment options for Mtb beyond the PGE2 and zileuton candidates already studied experimentally.
Concluding comments
As immunologists delve further into the host factors that influence the outcome of Mtb infection, they continue to discover new complexities in the pathways and mediators involved and develop an even greater sense of appreciation of the exquisitely sharp edge dividing host resistance and disease. Clearly, the contextual basis of each response plays a major role in determining its beneficial versus detrimental outcome, and this must be considered and explored carefully in the design of successful immunologic interventions. In the case of TB, this implies that host-directed therapies might have restricted applicability to distinct stages of infection/disease. As we learn to appreciate the spectrum of human TB disease from both cutting edge clinical research as well as novel murine and non-human primate models (110, 111) , an intriguing scenario emerges where TB treatment could be optimized and tailored based on the patients individual inflammatory disease and biomarker profile. Such a personalized medicine approach would allow for individualized therapies that combat disease and mortality caused by both drug sensitive and drug resistant Mtb strains.
It has now become clear that the host response to Mtb is governed by a series of overlapping regulatory networks that can interact both cooperatively and antagonistically in influencing disease outcome (Fig. 3) . While IFN-γ, TNF, and IL-1 are required for host protection, left unregulated they have the potential to contribute to disease and pathology. The interplay of the inflammatory eicosanoid and cytokine networks provides an increasingly important example of this concept. Although seemingly just another added layer of complexity, the study of the eicosanoid-cytokine interaction in Mtb infection has already yielded new targets for immunotherapeutic intervention and the opportunity to test clinically approved drugs to achieve this end. These developments barely scratch the surface of what hopefully will become a fertile area for further investigation in experimental infection models and in TB infected patients. 
